INTRODUCTION
Recently Kuo et aJ. [1, 2] and Satio et aJ. [3] presented the surface-thermal lens ( STL ) technique, this novel photothermal deformation technique has attracted great attention because it is a highly sensitive, noncontact and nondestructive measurement [4] [5] [6] . In this technique, a modulated pump beam is focused on the sample surface to produce the surface deformation and a cw probe beam is incident at the deformation region. Differing from the conventional photothermal deformation techniques, the spot size of the probe beam at the sample surface is much larger than the pump beam one. Then the probe beam reflected from the surface produces a diftTaction pattern at the detection plane. More recently, STL technique has been successfully applied to study the temperature dependence of the thermal conductivity of semiconductor materials [ 5] , weak absorption of optical thin films [ 6] and characterization of the solid materials [7, 8] . However, the mechanism ofSTL phenomena has not been completely understood. Most theoretical models took no account of the influence of the air-thermal lens (ATL), although some experiment showed that the air significantly affected the detected diftTaction pattern [2] . In addition, it is necessary to characterize frequency responses of signals because the response is used to determine the thermal property of the solid materials [5] .
In this paper, the effects of environment ( air above the sample) on STL signals of solids and radii of probe beam at the sample surface on the frequency response of the STL signal are studied theoretically and experimentally. A three-dimensional theoretical model is developed to explain the experiment results. The results show the theory is in good agreement with the experiment THEORY The geometry of the theoretical model is shown in Figure I . An intensity-modulated pump beam and a cw probe beam are normally incident at the sample surface. Wo is the radius ( e-2 intensity) of the probe beam at the waist Zl and Z2 are the distances from the sample surface to the probe beam waist and the detection plane respectively. L is the thickness of the sample.
In this paper the modulation frequency of the pump beam is varied from 10Hz to 10KHz. According to the optical feature of the samples and the region of modulation frequencies, we can assume that the optical absorption of the sample only occurs at front surface of the sample. For the layered sample ( the glass coated with the thin gold film), the first layer is a thermally-thin material and the thermal diffusion length of the second layer is much larger than the thickness of the thin film . The photothermal response of the sample is governed by the substrate and is independent of thermal properties of the thin film. In addition, the elastic effect of the thin film can also be negligible because the thickness of the thin film is much smaller than the photoacoustic wavelength at the modulation frequencies . Hence the temperature distributions T(r, z) and the displacement potential <per, z) satisfY the following equations in cylindrical coordinate:
with the boundary conditions:
where i=( -1 )112; Kj is the thermal conductivity, ~j=(2Dj lco )1 /2 is the thermal diffusion length and Dj is the thermal diffusion coefficient (j=g, s, referring to air and sample respectively); co is the angular frequency of the intensity-modulated pump beam; v is the velocity of the longitudinal wave in the sample; y = a(1+o)/(I-o) is the thermoelastic coupling factor of the sample, a is the thermal expansion coefficient and 0 is Poisson's ratio; Ph is the power of the pump beam and ~ is the spot radius of the pump beam at the sample surface, The thermal wave Tgl (r, z) in air and the surface deformation U(r, 0) of the sample can be obtained:
where and
here 10 is the first kind zero-order Bessel function; Og =(02+iro/Dg)1I2 , 0, =(02+iro/D,)112 ,
When a cw probe beam illuminates the deformation surface and reflects from the surface to the detector, in addition to the surface deformation, the variation of the refractive index of the air can also modulate the optical length of the probe beam, air-thermal lens (ATL) effect. If the relatively small variations of refractive index introduced by the thermal wave in air is considered, the refractive index of the air can be expanded to a Taylor series and the firstorder term is only retained, then: (10) Besides, the photoinduced periodic variation of the sample's complex refractive index can be considered as another photothermal effect. This effect can result in the variation of the reflectance of the probe beam ( photothermal reflection effect ), which can be particularly marked in semiconductors [9] . Here, the photothermal reflection effect can be ignored because the modulation frequency is not high[1O].
The influence of the surface deformation ofth,e sample and the variation of the refractive index of the air on the propagation of the probe beam can be treated as the additional complex phase shift of the electric field, The complex amplitude of the electric field at the sample surface is given from Gaussian beam theory as: (11) where x', y' are rectangular coordinates at the sample surface z=O; Pp is the power of the probe beam; k=2n/). is the wave number and), is the wavelength of the probe beam; ql and WI are the complex radius and the radius of the probe beam at the surface respectively: 
Zo here "4J=nwo2/). is the confocal distance of the probe beam. ~u and ~A1L are the phase shifts resulted from the surface deformation and the ATL effect respectively:
The complex amplitude of the electric field at the detection plane can be obtained by solving the diffraction integral:
where x, yare coordinates corresponding to the detection plane at z = Z2. If in the experiment the power of the pump beam is not high and the radius of the pump beam at the sample surface is not very small. The following conditions can be satisfied:
Therefore the exponential function of the additional phase shifts in Eq. (17) can be expanded and only the zeroth and first order terms in Taylor series are kept. If the cylindrical coordinates is used, there exists:
Eq.(17) can be simplified as:
where Eo(r, zz) is the unperturbed electric field; ESTL(r, zz) is the perturbed field resulted from the STL effect. The intensity profile ofthe probe beam at the detection plane, I(r, zz), is then achieved:
It mainly consists of a dc part lo(r, zz) and an ac part ISTL(r, Z2) with the modulation frequency of the pump beam Only the ac part (STL signal) will be detected in the experiment. Although the perturbed electric field resulting from the STL effect are weak, owing to coupling the perturbed part with the unperturbed part, the STL signal can be detected
EXPERIMENT SYSTEM
The experimental setup is illustrated in Figure 2 . An argon ion laser beam (488nm) modulated by an acousto-optic modulator is focused on the sample surface. The power incident on the sample is 5mW. The spot radius at the sample surface is about 20~m ( e-2 intensity). The probe beam of wavelength 633nm is from a 2mW He-Ne laser, whose radius of the waist is about 500~m (e-2 intensity). The probe beam reflected from the sample surface is detected by a photodiode with a slit (width of about 8~m) in front of it. The lens, the He-Ne laser and the photo diode with the slit can be separately adjusted by three micrometer-driven x-y-z translators. The distances from the sample surface to the probe beam waist and the detection plane are 70cm and 50cm respectively. The size of the probe beam on the sample surface can be changed using a lens (focal length l3cm) which is not drawn in Figure 2 .
A silicon wafer (thickness ofO.6mm) and a glass (thickness of 1.Omm) coated with a thin gold film ( thickness of 100 angstrom) are used as samples. The sample is placed in the sample cell, which can be vacuumized by a mechanical air pump in order to test the influence of the environment ( gas).
RESULTS AND DISCUSSIONS

Influence of Air
From the theoretical model above, it can be seen that the influence of the ATL on the STL signal is determined by the ratio between I <l>AlL I and I <1>. I . The ratio relates to thermal properties of the sample and air, such as the thermal conductivity and the thermal diffusion coefficient, and the thermoelastic coupling factor of the sample. In addition, I <l>AlL I also depends on the distribution of the temperature field in the air. As the modulation frequency increase, the intensities of the thermal waves in the sample and air reduce and the thermal diffusion lengths of the sample and air shorten, which result in the variation of the ratio. Figure 3 shows the STL amplitude of the silicon sample versus the modulation frequency. It can be seen that at lower frequencies the STL amplitude is almost independent with the frequency, while at higher frequencies it drops with 00. 1 Besides, at lower frequency, the signal produced by the ATL effect is about 25% of the total signal. As the modulation frequency increases, the influence of the ATL effect on the STL signal reduces because the thermal diffusion coefficient of the air is small than that of the Si wafer. Figure 4 is the frequency response in the glass. Because the thermal diffusion coefficient of the glass is much smaller than that of the air, the thermal wave and the related surface deformation of the sample are damped much faster in glass. Therefore, at higher frequency the influence of the ATL effect is slightly larger than that at lower frequency. In order to characterize the frequency response, we define a characteristic parameter:
Effect of Probe Beam Size
(24) Figure 6 shows the dependence of the STL amplitude as a function ofwth. It can be seen that STL amplitude is saturated at the lower frequencies wth<l , while inversely proportional to the frequency at the higher frequencies Wth> 1. This frequency-dependent behavior is not similar to that of conventional photothermal deformation techniques [ II , 12] .
Like in conventional photothermal deformation measurements, such as photodeflection technique, Haraguchi et al. [5] proposed a cutoff frequency or characteristic frequency in the frequency response of STL signals, at which the thermal diffusion length of the sample becomes equal to the radius of the pump beam at the sample surface They consider that the STL amplitude is saturated when the frequency is lower than the cutoff frequency, while inversely proportional to the frequency when the frequency is higher than the cutoff frequency. However, in conventional photothermal deformation techniques the spot size of the pump beam at the sample surface is larger than that of the probe beam. Moreover, conventional photothermal deformation techniques measure the local surface displacement (or surface slope) of the sample [ll, 12] , which is different from the STL technique in the measurement scheme.
CONCLUSION
The frequency response of the laser-induced STL effect in solid is studied theoretically and experimentally. It has been shown that the photo-displacement effect is dominant in the detected signal, but the ATL effect can provide significant contributions to the total signal It is necessary to consider both effects in the determination of physical properties of the sample There exists a character parameter determined by the spot size of the probe beam at the sample surface. The STL signals will be saturated and independent of the modulation frequency when the radius of the probe beam on the sample surface is much smaller than the thermal diffusion length of the sample, but inversely proportional to the frequency when the radius is much larger than the thermal diffusion length. Therefore the modulation frequency must be appropriately selected as the technique is used for characterizing materials.
